Animals that burrow, forage, or produce physical structures can have substantial impacts on transport processes related to erosion. However, the influence of behavior and body size on regulating the magnitude of engineering effects by animals is not well understood. For example, crayfish are common and abundant freshwater organisms that disturb sediments in ways that influence gravel transport, fine sediment suspension, and bank stability. Animals such as crayfish also display complex territorial and aggressive behaviors, often related to body size, which might influence their ability to influence sediment transport dynamics. We conducted an experiment with spiny-cheek crayfish (Faxonius limosus) to investigate the influence of behavior and body size on substrate disturbance. The experiment included 4 enclosure (0.31-m long Â 0.21-m wide Â 0.17-m deep) treatments that differed in the body size of individual crayfish and the amount of biomass: 1) 2 small young-of-the-year (YOY) crayfish of 15-mm carapace length (CL) (abbreviated SS), 2) 2 larger, 11 y-old crayfish of 25-mm CL (abbreviated LL), 3) 1 crayfish of 15-and one crayfish of 25-mm CL (abbreviated SL), and 4) a control with no crayfish. We monitored construction of pits within the gravel bed and the proportion of streambed over which crayfish exhumed subsurface gravels. We also used videography to quantify aggressive encounters between crayfish individuals. We found that body size strongly influenced the amount and type of disturbance, with large crayfish creating a significantly greater number of pit structures than small crayfish. Additionally, surface gravels were moved over 11.4, 9.3, 1.3, and 0.003% of the bed surface area in LL, SL, SS, and control treatments, respectively. On average, 77% of interactions between crayfish individuals were aggressive regardless of size, which may explain why the amount of change in bed topography in the LL treatments did not always exceed that in the SL treatments. Successfully incorporating animal behavior into sediment transport models may require consideration of both behavior and body size.
Transport of sediment is one of the fundamental disturbance processes that can regulate benthic community composition and productivity in freshwater ecosystems (Resh et al. 1988 , Lake 2000 . In recent years, a growing body of research has investigated how animals and plants can influence sediment transport dynamics. This research has emphasized how biological forces can affect the timing and magnitude of sediment movement (Viles et al. 2008 , Jones 2012 , Statzner 2012 and has resulted in the development of integrative disciplines, such as ecogeomorphology (Viles 1988 , Jones et al. 1994 , Allen et al. 2014 .
Despite significant advances in ecogeomorphological research, there is still limited understanding of the ecological factors that influence when and where ecosystem engineers (those species capable of influencing ecosystem physical structures and function) are important (Jones et al. 1994) . to engineer their environment (Moore 2006) , and recent evidence suggests that organism density and individual biomass are positively correlated with the magnitude of engineering effects (Albertson and Allen 2015) . The role of behavior and interactions between individuals is less well understood but has the potential to regulate physical engineering impacts through biotic interactions (Wright and Jones 2006 , Gribben et al. 2009 , Sanders et al. 2014 .
Crayfish are a diverse, abundant, and globally distributed group of omnivorous invertebrates that inhabit lentic and lotic ecosystems (Momot et al. 1978 , Taylor et al. 1996 and that can act as ecosystem engineers. Crayfish can alter several features of the benthic habitat, including gravel erosion and fine sediment suspension (Statzner et al. 2003 , Creed and Reed 2004 , Harvey et al. 2014 . They can also alter riverbed microtopography by creating pit and mound structures within the substrate and reduce bank stabilization through burrowing activities (Guan 1994 , Barbaresi et al. 2004 , Johnson et al. 2010 . These activities can alter various biotic features of freshwater habitats as well, including macroinvertebrate and fish community composition and density (Bobeldyk and Lamberti 2010) , processes of detrital breakdown (Schofield et al. 2001 , Bobeldyk and Lamberti 2008 , 2010 , and standing stock of macrophytes (Roth et al. 2007 ). As such, crayfish can represent a potentially important biological force that can influence ecosystem function.
Crayfish are territorial and display complex inter-and intraspecific aggressive behaviors. Behavior between individuals of the same species is sex and size dependent (Bruski and Dunham 1987, Bergman and Moore 2003) , and dominance hierarchies, typically established by fighting behaviors, can influence access to food resources and space (Herberholz et al. 2007 , Chibucos et al. 2015 . Links between behavior and engineering capability are still rare, but some evidence suggests that at relatively high density crayfish fighting behaviors may result in a reduced impact on transport processes and riverbed topography (Statzner et al. 2003) . Additionally, evidence suggests that conspecific interactions between crayfish individuals can occur frequently, but further work is needed to understand if these behaviors might alter propensity to influence geomorphic processes (Rice et al. 2012) .
To explore how body size and aggressive behaviors influenced the magnitude at which crayfish engineer riverbed sediments, we used a laboratory mesocosm experiment to manipulate the presence or absence of crayfish that varied in body size. We documented aggressive interactions between crayfish individuals, changes to the gravel bed through the development of pit and mound topography, and tracked the movement of 2 size classes of gravels. We predicted that larger crayfish would have a stronger engineering effect than smaller crayfish but that aggressive interactions between large crayfish would diminish their engineering effects compared with treatments containing both small and large crayfish. Our findings provide insight into the mechanisms re-lated to body size, age, and behaviors that might regulate the magnitude of animal ecosystem engineering in streams.
METHODS

Study site and organism
This experiment was conducted in the stream house at the Stroud Water Research Center (SWRC) in Avondale, Pennsylvania (PA), USA between 10 and 27 October, 2014. The experimental units were 8 replicate recirculating flumes that were each individually fed with stream water from neighboring White Clay Creek. Each flume had a gravel bed composed of surface gravels with a median diameter of 16 to 22 mm and subsurface gravels with a median diameter of 5.6 to 8 mm. Subsurface gravels were colored pink to distinguish surface from subsurface layers. Gravels were water worked for 24 h before crayfish were added to the flumes to encourage settling of hand-placed gravels into a stable arrangement.
We studied Faxonius limosus [Rafinesque, 1817], a native crayfish in North America with abundant populations in the mid-Atlantic region of the USA (Crandall and De Grave 2017) . Commonly called the spiny-cheek crayfish, F. limosus is found in a wide range of habitat types from rivers with moderate current to ponds. It typically inhabits cobble and gravel substrate but can be found under muddy, undercut banks or vegetation (Swecker et al. 2010 , Nuttall 2013 . Faxonius limosus omnivorously feeds on invertebrates, detritus, and plant material. This species has been introduced to Europe, where it reaches extremely high population densities with substantial and often negative impacts on native crayfish species, spread of disease, fish biodiversity, and foodweb dynamics (Hobbs 1948 , Holdich and Black 2007 , Lodge et al. 2000 . At our study site, crayfish were collected by hand from White Clay Creek and housed individually in aquaria for 24 h before the start of the experiment. Crayfish were categorized as either small YOY (born summer 2014 and approximately 5 mo old) with 15-mm CL or large (born summer 2013 or earlier and at least 1.5 y old) with 25-mm CL. Although size structure descriptions of F. limosus populations in PA are unavailable to our knowledge, evidence from nearby populations in New England suggests that individuals with a CL of ∼15 mm are likely in age class 0 and CL of ∼25 mm are likely in age class 1 (Smith 1981) . For another group in the same crayfish family, the Cambarus acuminatus complex, in Valley Creek near our study site, 2 distinct size classes of 9 to 18 and 23 to 38 mm CL are common in the fall when our study took place (Lieb et al. 2008 ). We did not sex individuals in our experiment, but male and female Cambaridae in Valley Creek appear to show no significant differences in body size in the fall (Lieb et al. 2008) . To further describe differences in the body size-class categories we used in the experiment, we sacrificed 2 representative individuals from each size class to measure claw length and dry mass by drying at 607C until moisture was removed. We found that large crayfish bodies were 7Â more massive and claws were 2Â longer than small crayfish. The small crayfish category contained individuals weighing approximately 0.18 ± 0.03 g with claw lengths of 7.35 ± 0.15 mm, and the large crayfish category contained individuals weighing approximately 1.20 ± 0.10 g with claw lengths of 12.20 ± 0.40 mm.
Experimental design
The experiment was run as a complete block design with 4 crayfish treatments: control with no crayfish, 2 small crayfish (SS), 1 small and 1 large crayfish (SL), and 2 large crayfish (LL). Two replicates of each treatment were run per each of 4 blocks for a total of 8 replicates per crayfish treatment. Each block lasted 48 h. During the 48-h period, crayfish were placed into porous mesh (100-mm 2 openings) cages that were 0.31-m long Â 0.21-m wide Â 0.17-m deep. The cages contained gravel of median surface grain size 16 to 22 mm and median subsurface grain size 5.6 to 8 mm in an arrangement identical to the surrounding riverbed. The mesh cage was necessary to contain the crayfish within the flumes and minimize escape from the experimental units, and the mesh structure had minimal influence on current velocity (outside cage: 0.0432 ± 0.0036 m/s, inside cage: 0.0428 ± 0.0038 m/s). Crayfish density equaled 30/m 2 , which is at the high end of the range of densities for Faxonius spp. measured in natural freshwater habitats and used in previous laboratory studies (Momot et al. 1978 , Hill and Lodge 1999 , Haertel-Borer et al. 2005 . Following the completion of block 1, crayfish were housed in individual aquaria for 24 h, assigned a new partner to ensure novel interactions among individuals, and then reintroduced to the flumes for block 2. New individuals collected by hand from White Clay Creek were used for block 3, after which they were housed in individual aquaria for 24 h, assigned a new partner, and then reintroduced to the flumes for block 4. Macroinvertebrates were screened from the water pump supply, and additional food was not provided during the experiment, although it is possible that some aquatic insects were introduced to the flumes through the water source coming from White Clay Creek. One large crayfish escaped the SL treatment cage during the 2 nd evening of block 1 but the response variables we measured for that replicate were within 1 standard deviation (±SD) of the mean for that treatment. We, thus, included that replicate in further data analyses. There was no crayfish mortality in the cages during the experiment.
Measuring changes to gravel morphology
Changes to the gravel bed were quantified after a 48-h exposure to crayfish activity. To document changes to surface bed topography, an important variable that can regulate roughness, near-bed velocity, and bedload transport (Church 2006) , we counted pit structures per unit area of the bed, and used a ruler and level to measure the depth of each pit depression (the level was held flush with the surrounding bed surface). We defined pits as visually obvious topographic alterations of the gravel-bed surface made by crayfish resulting in a decrease in bed elevation at the pit and subsequent increase in bed elevation in an immediately neighboring mound (Johnson et al. 2010 , Rice et al. 2012 . Twenty gravels in size class 16 to 22 mm and 20 gravels in size class 5.6 to 8 mm (intermediate orthogonal b-axis) were marked at the bed surface with white paint at the start of each block. We tracked movement of these marked gravels by counting any gravel that was flipped, turned, or transported within the mesh enclosure. We counted the number of marked gravels that moved within each grain size class and recorded the longest orthogonal axis (a-axis) of each gravel particle to the nearest 10 th of a mm with ImageJ (Rasband 1997) to calculate the proportion and average size of gravels that had been moved. ImageJ was also used to quantify the area of the bed that contained visible, exposed subsurface colored gravels upon completion of each block. Exposure of subsurface gravel represents potential for wholesale grainsize changes, an increase in the fine fraction of the grain-size distribution at the bed surface, and movement of material, such as fine particulate organic matter or biofilm from the hyporheic subsurface zone to the surface where it could interact with channel water or benthic organisms. Upon completion of data collection, sediments were removed from the cages, regraded smooth by hand, allowed to be water worked for 24 h, and the next block was started.
Measuring interactions between crayfish
A GoPro ™ video camera (Hero 31 Silver; GoPro, Los Angeles, California) was mounted above each cage that contained crayfish to document interactions between crayfish individuals. Although the mesh mesocosms confined the crayfish to a restricted space and reduced the distance over which competitively inferior individuals might be able to retreat, research suggests that agonistic interactions in the laboratory are representative of and overlap well with field observations (Bergman and Moore 2003) . Videos were initiated immediately after crayfish were introduced to each flume and continued for 3 h during the first evening of each block. Videos were used to enumerate the number of times individuals contacted each other. Contacts were categorized as aggressive if 1 or both individuals either displayed their claws or moved away.
Data analyses
We used 2-way analysis of variance (ANOVA) with treatment and block as fixed effects to assess if the number of pit structures, gravel size moved, or proportion of riverbed with subsurface gravels exposed differed across crayfish treatments. If no evidence of a block effect was detected (using a ≤ 0.05), we selected the most parsimonious model by removing the nonsignificant effect and followed with a 1-way ANOVA with a fixed treatment effect. No block effects were significant, and all treatments were significant, so we compared all pairwise differences in each response variable across crayfish treatments with Tukey's Honestly Significant Difference (HSD) post-hoc tests. We conducted similar analyses on behavioral responses. Prior to any ANOVA analyses, all response variable data distributions were tested for normality using Shapiro-Wilk tests and appropriately transformed if the assumptions of normality were not met (√x-transformation for counts and arcsine transformation for proportions). Data in our figures display untransformed data. All analyses were conducted in R (Version 3.1.0; R project for statistical computing, Vienna, Austria; R Development Core Team 2008).
RESULTS
Crayfish significantly influenced bed topography compared with controls ( Fig. 1) . No evidence for a block effect was detected for any of the analyses (all p > 0.05). On average, 2 large crayfish (LL) dug the deepest pits (mean 5 3.4 cm), whereas the small and large crayfish (SL) pits averaged 3.1 cm, and the 2 small crayfish (SS) pits were 2.3-cm deep on average (p < 0.001). A significantly greater number of pit depressions were found in the gravel bed after 48 h in treatments with crayfish compared with controls ( Fig. 1; all p < 0.001). However, no difference existed in pit density between SL and LL treatments ( p 5 0.878).
Some of the marked gravels in the control treatments moved, which likely occurred as flow was introduced to the flumes following experimental set up and the grains were water worked. The size of gravel moved in the control enclosures was, however, significantly smaller than the size of gravels moved in any treatments with crayfish present (all p < 0.001). Between crayfish treatments, however, there were no differences in the average size of gravels moved (all p > 0.8), suggesting that both large and small crayfish were capable of moving similarly sized gravels in this experiment (Fig. 2) . However, larger crayfish may ultimately be capable of moving larger gravels if presented with them, because we also found that the single largest marked gravel that was moved in SS, SL, and LL treatments was 22.8, 25.5, and 29.3 mm, respectively.
The proportion of marked 5.6-to 8-mm gravels that moved (Fig. 3A) was higher in the SL ( p 5 0.001) and LL ( p < 0.001) treatments than the controls, but no differences were detected between the SS treatment and control ( p 5 0.980). Within crayfish treatments, a higher proportion of 5.6-to 8-mm gravels moved in both the SL ( p 5 0.003) and LL ( p < 0.001) treatments than the SS treatment, but no differences existed between the SL and LL treatments ( p 5 0.168). The proportion of marked 16-to 22-mm gravels that were moved (Fig. 3B) was higher in the LL treatment than the control (p 5 0.044) but was not different between Figure 1 . Changes in riverbed morphology caused by crayfish activity. Crayfish treatments were 2 large individuals (LL), 1 small and 1 large individual (SL), 2 small individuals (SS), or a control (C) with no crayfish present. Enclosures with large crayfish present (either SL or LL treatments) had a significantly greater number of pit and mound structures than those with only small crayfish (SS) or controls with no crayfish, but there was no difference between the SL and LL treatments. Values are means (±1 SE) for n 5 8. Treatments with different lowercase letters are significantly different from one another based on post-hoc comparisons. Figure 2 . The average size (length of orthogonal a-axis) of gravels moved was 14.2 ± 0.3, 13.8 ± 1.0, and 11.3 ± 1.2 mm for LL, SL, and SS treatments, respectively. Values are means (±1 SE) for n 5 8. Treatments with different lowercase letters are significantly different from one another based on post-hoc comparisons.
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December 2018 | 839 the control and SS treatment (p 5 0.994) or control and SL ( p 5 0.254) treatment. Within crayfish treatments, a marginally higher proportion of 16-to 22-mm gravels moved in the LL treatment than the SS treatment ( p 5 0.063), but no difference was observed between the SS and SL treatments ( p 5 0.346) or between the SL and LL treatments ( p 5 0.751). Crayfish of all body sizes were capable of moving grains of similar size, but there were significant differences among treatments in the proportion of bed gravels that moved and the amount of exposed subsurface gravels (Fig. 4) . The proportion of subsurface material exposed was higher in SL ( p 5 0.026) and LL (p 5 0.006) treatments than controls but was not different between the SS treatment and the control ( p 5 0.990). Within crayfish treatments, there was more material exposed in SL ( p 5 0.043) and LL ( p 5 0.010) treatments than in the SS treatment, but no differences were detected between the SL and LL treatments ( p 5 0.892). Crayfish in the LL and SL treatments exposed, on average, 11.4 and 9.3% of the bed, respectively, and as much as 27.4% was recorded for 1 LL replicate.
Crayfish in all cages contacted and interacted with each other repeatedly when they were introduced to the streams (Fig. 5) . As predicted, a significantly greater number of contacts occurred between 2 large individuals (LL) than either a small and large individual (SL) ( p 5 0.009) or 2 small individuals (SS) (Fig. 5A, p < 0.001 ). Contacts/h in the LL treatments occurred 2Â as often as in the SL treatments ( p 5 0.009) and 3Â more often than in the SS treatments ( Fig. 5B, p < 0.001) . The small individuals contacted each other the least, averaging only 3 contacts/h. Compared with the contacts in the SS treatments, contacts in the SL ( p 5 0.013) and LL treatments ( p < 0.001) were significantly more aggressive (Fig. 5C ), but no difference in the proportion of aggressive contacts were detected between the SL and LL treatments ( p 5 0.145). Interactions between large individuals were aggressive ∼90% of the time, between small and large individuals ∼80% of the time, and between 2 small individuals ∼60% of the time. When averaged across all treatments, interactions between individuals were aggressive 77% of the time. Figure 3 . Crayfish activity at the riverbed surface. Crayfish moved marked gravels that were categorized by size as either 5.6-to 8-mm diameter (A) or 16-to 20-mm diameter (B). Values are means (±1 SE) for n 5 8. Treatments with different lowercase letters are significantly different from one another based on post-hoc comparisons. Figure 4 . The proportion of the bed surface area over which surface gravels were moved and subsurface gravels were exhumed by crayfish. Exposure of subsurface material was higher, on average, in LL and SL crayfish treatments compared with controls, but exposed subsurface material was no different in enclosures with 2 small crayfish (SS) than in controls. Values are means (±1 SE) for n 5 8. Treatments with different lowercase letters are significantly different from one another based on post-hoc comparisons.
DISCUSSION
We demonstrated that Faxonius limosus, a common crayfish in the northeast USA, can alter surface and subsurface gravel arrangement and bed topography. Bioturbation by crayfish has been recognized for decades, but only a few studies have quantified how effectively crayfish engineer riverbed topography, loosen the surface gravel matrix, and sort grain layers by digging and exposing subsurface material (Johnson et al. 2010) . Our study provides further insight into crayfish-induced gravel movement by assessing how agonistic behaviors and conspecific territoriality between individuals influenced gravel movement. We found support for our hypothesis that behavioral interactions might reduce crayfish-induced gravel movements. These findings contradict some previous work showing that limited shelter space leading to increased interactions between crayfish does not reduce crayfish engineering activity (Statzner and Peltret 2006) . However, they are consistent with other observations that showed 2 similarly sized crayfish spent only slightly more time digging than a single crayfish, perhaps because they spent more time interacting, and thus, resulting in little additional effect on bed topography or grain entrainment rates than 1 crayfish (Rice et al. 2012) . Given these conflicting findings, future work is needed to untangle just how important behaviors are in regulating biotic engineering activity.
We also found support for our hypothesis that body size might regulate how actively crayfish engineer gravel substrate. Given that the large crayfish almost universally altered the gravel bed more than small crayfish in our experiment, and because crayfish often reach a larger body size than the 'large' individuals used in this study Black 2007, Loughman 2010) , our results may represent a conservative estimate of the effects of crayfish size on riverbed gravel movement. However, the relative importance of larger body or claw sizes compared with a parallel increase in behavioral interactions that might arise from larger, more aggressive individuals is unknown. Limitations deriving from the small spatial and temporal scale of our flume study require that these biological effects be measured under field conditions to best evaluate their prevalence and their relative importance compared with other forces affecting sediments in natural streams. Compared to physical forces associated with high flows, for example, the effects of crayfish on gravel movement may be minimal or restricted to certain locations or times of year (Harvey et al. 2014 ). In addition, other biological forces associated with, for example, biofilm or vegetative root structures may have a larger magnitude or even opposing (stabilizing) effects on gravel movements (Albertson and Allen 2015) .
As predicted, small YOY crayfish showed only a minor effect on movement of gravels. This finding is consistent with recent evidence indicating that individual mass can regulate engineering effect sizes, with larger individuals typically having a stronger influence on transport processes (Albertson and Allen 2015) . We found that both small and during the first evening the crayfish were present in the enclosures was highest for treatments with large crayfish present (SL, LL). Large crayfish were almost always aggressive in their interactions (C), but small crayfish also displayed territorial and aggressive behavior during the majority of their interactions. Values are means (±1 SE) for n 5 8. Treatments with different lowercase letters are significantly different based on post-hoc comparisons.
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December 2018 | 841 large crayfish were capable of moving grains of similar size, and our results are similar to previous findings that crayfish can move gravels up to 38 mm in size ( Johnson et al. 2010 ). However, the proportion of the subsurface layer visible at the end of 48 h was not different between enclosures with 2 small crayfish and controls with no crayfish. These results suggest that small crayfish are capable of moving grains of the same size as large crayfish, but their activity is less than that of large crayfish. In Valley Creek near our study site, cambarid crayfish assemblages were dominated (>80%) by juveniles in spring and fall, suggesting that seasonal differences in the presence of small crayfish may influence population-level effects on sediment engineering. In addition, some evidence suggests that smaller individuals may move to shallow, lateral areas to avoid fish predation (Englund and Krupa 2000), but similarly sized crayfish have also been found to occupy both riffles and pools without showing a location preference (Lieb et al. 2008) . Future work might address how variation in location of occupation influences crayfish body size and, thus, the magnitude of effects on grain arrangement and bed topography. The mechanisms controlling body-size related effects on substrate alterations remain to be fully tested, but we hypothesize that they could be related to energetic and metabolic constraints as small crayfish become tired during digging activities or to the size of pore spaces available relative to body size that allows YOY crayfish to hide in existing pores without needing to alter the gravel arrangement. Small YOY crayfish are relatively more abundant than larger crayfish in natural streams (Lieb et al. 2008 ), but juvenile crayfish populations typically make up only 21 to 65% of the biomass of adult crayfish (Haertel-Borer et al. 2005) , and the importance of this difference is understudied. We detected minimal difference between the SL and LL treatments across all response variables, despite the difference in total biomass in the two treatments owing to the presence of the 2 nd large individual in the LL treatment. These findings suggest that 25-mm CL crayfish at a density of 15 and 30/m 2 in the SL and LL treatments, respectively, are capable of moving similar amounts of gravel. Crayfish modification of gravel beds could be occurring regularly in natural streams, because these crayfish densities are representative (but high) of those found in natural streams Lodge 1999, Kuhlmann 2016) . However, the restriction of individuals in our study to small mesocosm cages may have influenced either the duration or intensity of both sediment-modifying behaviors and aggressive interactions among individuals. Our study did not address tradeoffs between population and life-history attributes, such as density, body mass, sex, and sexual maturity in regulating the effects crayfish can have on the gravel matrix. These are potentially important factors that remain to be investigated in natural streams where crayfish can disperse to, and select from, a wider range of habitats.
A growing body of research illustrates how species traits can influence the effects ecosystem engineers have on physical transport processes (Statzner and Sagnes 2008, Albertson et al. 2014 ). Our study begins to identify how the intraand interspecific behavioral interactions that occur among crayfish of varying size might shape their ability to affect sediment dynamics. Ecosystem engineers are predicted to influence multiple trophic levels, but effects within trophic levels are rarely studied (Sanders et al. 2014 , van der Zee et al. 2016 . Additionally, interactions between multiple species of engineers that live in the same community are wellrecognized in marine systems (Angelini et al. 2011 ), but the spatial and temporal scales over which these interactions influence freshwater ecosystems is unknown. Crayfish are pervasive invaders across the globe (Lodge et al. 2012) , so they may be ideal study organisms with which to investigate the importance of interspecific competition, coexisting ecosystem engineers, and trait variation on animal alteration of physical transport processes. Across the northeast USA, invasive rusty crayfish are displacing native crayfish species such as F. limosus (Lieb et al. 2008, Kuhlmann and Hazelton 2007) . Species interactions and species-specific differences in engineering activity during and after invasion are relatively unknown but could be substantial given larger body sizes and higher densities often are documented for invasive rusty crayfish compared with natives Lodge 1999, Wilson et al. 2004) . Incorporating behavior related to competition and predation into ecosystem engineering frameworks is an important next step for better understanding biotic controls on erosion regimes (Gribben et al. 2009 ). Sediment dynamics regulate fundamentally important processes in streams, including nutrient cycling, carbon storage, and habitat availability to benthic organisms (Allan 1995) . If crayfish are altering grain-size distributions and the gravel matrix in natural streams, this activity may affect bedload flux, critical shear stress, and fine sediment retention (Church 2006) . However, it is important to note that our study was conducted in laboratory flumes and, as such, may not represent the complexity of real streams. The range of grain sizes and heterogeneity of pore spaces that might provide refuge for larger crayfish was limited in our experiment. Crayfish were not allowed use of cobble refugia where they often shelter. Previous studies suggest that crayfish bioturbation is greater when refugia are not present (Statzner et al. 2000) , implying the rates of gravel movement that we observed may be higher than observed in streams with refugia present. Conducting experiments in a field setting is an important next step for understanding the role of crayfish behavior in altering sediment dynamics.
Crayfish are one of the most widespread groups of aquatic macroinvertebrates. They are also prolific invaders in freshwater ecosystems (Savini et al. 2010) , causing striking changes to native crayfish diversity, macrophyte cover, and benthic communities (Lodge et al. 2000 , Wilson et al. 2004 , Twardochleb et al. 2013 . Understanding the impact of crayfish on ecosystem functions, including sediment transport dynamics, is becoming increasingly important as we seek to better understand the role of animals in structuring physical habitats in freshwater ecosystems.
